We developed a multimodal microscope enabling simultaneous measurement of two label-free imaging methods, Raman microscopy and quantitative phase imaging. This approach provides real-time measurements through phase microscopy, along with the chemical specificity of Raman spectroscopy.
I. INTRODUCTION 1
Label-free imaging received in the past years a renewed interest thanks to the development of refined techniques to extract biologically relevant information from cells without having to rely on labeling protocols. In comparison with the widely used fluorescence methods, the label-free approach provides information about cell structure through its inherent compounds. This comes however usually at the cost of some specificity, as there is then no chemical targeting.
Among label-free techniques, recent development in Raman microscopy started providing relevant information about the chemical species contained in the cytosol [1] . Raman imaging is however inherently limited by the low amount of photons, making it necessary to employ long exposure times and therefore preventing real-time imaging.
Another label-free method consists in quantitative phase microscopy (QPM), which provides information about the phase shifts induced by a specimen, related to the intracellular content. It has been recently demonstrated that the quantitative information retrieved from cells can typically be employed to monitor cell cycle [2] or assess cell viability [3] .
We present an experimental demonstration of combination of these two imaging modalities in a single setup which enables simultaneous measurement of Raman and QPM. This approach provides at the same time the advantage of high-speed imaging of QPM with the chemical specificity of Raman, enabling new analysis capabilities for label-free cellular microscopy.
II. EXPERIMENTAL SETUP
We developed an experimental arrangement which enables the simultaneous measurement of Raman images through a state-of-the-art laser scanning microscope, and QPM images through digital holographic microscopy.
A. Raman imaging
The Raman microscope is based on a scanning scheme with a continuous laser at a wavelength of 532 nm, with the back-scattered light being collected by a microscope objective (60x, NA 1.27). The emitted light is separated from the excitation with a dichroic mirror, and sent into a spectrometer where the Raman spectrum is detected by a low-noise CMOS camera.
Imaging is performed by employing a set of two galvano-mirrors which scan the excitation spot in the object plane, enabling sequential detection. In order to speed up the acquisition, fast scanning is used in the direction of the slit of the spectrometer, enabling recording of a whole spatial line during the exposure time of the detector in the so-called slit-scanning scheme [4] .
B. Quantitative phase imaging
QPM is performed through digital holographic microscopy, a technique based on measuring the coherent interference pattern of a reference beam with an object beam having interacted with specimen. We employ here the so-called off-axis configuration [5] , which enables one-shot recording capability, with high-speed imaging.
The interference of an infrared laser diode ( = 780 nm) is recorded with a CCD camera. The phase is then extracted from the hologram through Fourier filtering methods, and digitally focused on the image plane with a numerical propagation algorithm.
C. Combining modalities
In general, the Raman signal is not trivial to combine with other imaging methods, as its emission is spectrally broad and unpolarized. Furthermore, it is also weak, so that the use of fluorescence is usually not possible as it hides the original signal. 
TuJ3-5
To combine the two imaging methods, we take here advantage of the single-wavelength distribution of holography, as it is based on coherent interference. By choosing an infrared laser outside the classical range of Raman spectroscopy, it is possible to spectrally separate the two signals, as shown in Fig. 1 , where signal separation is performed with two dichroic mirrors.
III. RESULTS AND DISCUSSION
We show the measurement capability of our proposed setup by measuring cultured HeLa cells. As both techniques are label-free, cells were measured directly without any pre-processing step.
During the Raman acquisition which takes 10 minutes with an exposure time of 3 seconds per line, phase images were continuously recorded at a rate of 0.3 Hz in order to match the recording rate of the Raman scanning.
The Raman image (cf. Fig. 2B ) is shown here in two colors, corresponding respectively to a lipid band (2840-2900 cm -1 , red) and to a broad range (750-1100 cm -1 , green) highlighting several intracellular components, such as mitochondria or proteins. It is possible to clearly identify the nucleus surrounded by lipids, as well as lipid droplets at the border of the cell. A non-uniform distribution of the intracellular content can also be seen in the cytoplasm, by looking at the changes in intensity in the green channel.
The phase images shown in Fig. 2 correspond to the beginning (A) and the end (C) of the Raman recording, where it is possible to identify the morphological changes which occurred during acquisition, such as cell shrinkage and densification, and movements of material within the cell nucleus (cf. arrow in Fig. 2C) .
The combined measurement of the two image types can for instance provide information concerning rapidly moving organelles which are not visible in the Raman image, as well as cellular shape changes during the recording.
IV. CONCLUSIONS
We demonstrated experimentally the capability of performing multimodal imaging with purely label-free imaging techniques, namely Raman and quantitative phase, by measuring live cells simultaneously with both modalities.
These two imaging technique possess rather different features, which can complement each other in order to increase the amount of information recorded during a measurement. On one hand, Raman provides chemical specificity, which can be used in order to extract the location of specific molecules within the cell. On the other hand, QPM provides fast recording for real-time imaging, which makes it possible to monitor cell morphology. ) representing the intracellular content.
